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Introduction
To meet the ever-growing demands for electric vehicles (EVs), portable electronics, and large-scale renewable energy storage, it is urgent to develop the next generation lithium ion batteries (LIBs) with low cost, high energy density, and long cycle life. [1] [2] [3] [4] [5] Among anode materials, silicon has attracted the most attention due to its high theoretical capacity (3579 mAh g −1 ) , with the potential to significantly improve the performance of LIBs. [6, 7] However, the bulk silicon anodes experience over 300% volume change during the lithiation and delithiation processes, which leads to particle pulverization, loss of interparticle electrical contact, and instability of the solid electrolyte interphase (SEI), resulting in repeating chemical side reactions with the electrolyte and fast capacity fading. [8] [9] [10] To address these issues, a wide range of strategies have been developed to improve the electrochemical performances of Si-based anodes, including: (1) decreasing the size of Si-based materials to the nano-scale; [11, 12] (2) coating protective materials as a buffer layer to mitigate the considerably large volume expansion; [13] [14] [15] [16] (3) designing porous structure, hollow structure, core-shell structure Si materials. [17, 18] Nanocrystallization and protective materials coating has been widely researched to show that they are able to address the issues of Si-based anodes.
Nano-sized silicon materials demonstrate higher cycling stability, since they can prevent fractures during the large volume changes. [19] They differ from corresponding bulk Si materials, and behave abnormally due to surface and interface effect as well as size effectiveness that the volume expansion of silicon anodes can be alleviated when the size of silicon is below 150 nm. [20] However, the usage of nano-sized silicon in anodes for LIBs is still hard to commercialize due to their complex synthesis processes with low production rates, high cost, and low gravimetric and volumetric energy densities. [21] Recently, some strategies using micrometer/sub-micrometer Si-based materials in LIBs have exhibited some progress. [22] [23] [24] [25] Furthermore, SiO x as a buffer to enhance the electrochemical performance of Si-based materials has attracted a lot of attention. [26] [27] [28] [29] The existence of the amorphous the SiO x structure is favorable for providing good cycling stability, because the less active amorphous SiO x can effectively accommodate the large volume expansion of the Si during cycling. [27, [30] [31] [32] Simultaneously, a highly stable SEI can be formed on the surface of the amorphous SiO x , avoiding repeated formation of SEI film during cycles, which would lead to a decline in capacity. [33] [34] [35] 
Experimental section

Fabrication of FSO Anode Materials
The FSO anode materials were prepared by mechanical milling and heat treatment of commercial Fe-Si alloy sources (~1000 $/t) under ambient conditions, as illustrated in Figure S1 . The Fe-Si alloy powders (73.3% Si, 21.4% Fe and other impurities) were obtained from a metallurgical factory.
Firstly, the bulk Fe-Si alloy powders were crushed by ball milling (PM200, Retsch GmbH Inc., Germany) in order to obtain sub-micrometer Fe-Si alloy particles. After that, the sub-micrometer 
Electrochemical Measurements of the as-prepared FSO Anode Materials
To make a working electrode, an aqueous slurry method was used. FSO, carboxyl methyl cellulose (CMC), and carbon black with a mass ratio of 80: 10: 10 were stirred for over 12 h to ensure thorough mixing. The slurry was casted onto a thin copper foil and dried. Prior to cell fabrication, the electrodes were dried in a vacuum oven at 110 °C overnight. 
Electrochemical Measurements of the full cell
The commercial LiCoO 2 electrodes were prepared using the similar slurry method. 80% 
Results and discussion
We demonstrated a new approach for creating a sub-micrometer core-shell structure FSO anode guided by phase diagram by using abundant and inexpensive metallurgical Fe-Si alloy, shown in Table S1 . From Table S1 , Si element accounts for 84 wt% in the alloy at 600 o C, which means zone (1) in the phase diagram is more representative of the condition of alloy obtained at 600 o C than zone (2), where FeSi is one of the equilibrium phases. This is attributed to the non-uniformly distributed Fe and Si within the particle. Therefore, the Si wt% is lower in certain locations than that of other areas within the particle. In the locations with lower Si concentrations, the equilibrium phases would be FeSi and Table S3 ), which is higher than the theoretical Si atomic percent boundary between the zone (2) and (3).
Therefore, the crystal phases observed from XRD can represent all the possible equilibrium phases from zone (1) to (3) indicate that the Fe-Si core definitely were shielded by the SiO x shell, which is regarded as a nonstoichiometric silicon suboxide amprphous matrix. Overall, it can be seen that the core-shell structure FSO particles could be modified during the phase transformation, which may be one of the best method to prepare unique Si/SiO x anode for high-performance LIBs.
The electrochemical properties of the core-shell structure FSO anodes for LIBs were evaluated after 500 cycles, with 24.9% and 34% capacity retention, respectively. This may be related to their inadequate SiO x shell with not enough oxidation, which cannot prevent particle fracture from drastic volume changes during lithiation and delithiation. Furthermore, the cycle performance of FSO anodes with a high mass loading of 1.51 mg cm -2 and 1.98 mg cm -2 could retain relatively stable capacity that they could provide capacity of 608 mAh g -1 after 250 cycles and 561 mAh g -1 after 150 cycles, respectively ( Figure S8) . The Fe-Si alloy anode and FSO1000 anode show especially poor cycling performance as their discharge capacities quickly decrease to < 100 mAh g -1 after several cycles due to their fragile structure during the electrochemical process. In addition, the FSO also demonstrates a high rate performance. Even at a very high current density of 10 A g -1 , the FSO anode still provides a capacity more than 185 mAh g -1 . Furthermore, a capacity more than 900 mAh g -1 can
be retained when the current density reduce back to 50 mA g -1 after 50 cycles of charge and discharge at various current densities, indicating that the FSO anode has excellent rate performance and cycling stability. The detailed reaction kinetics of the FSO anode is further studied by electrochemical impedance spectroscopy (EIS) measurements. The EIS is carried out to analyze the resistance evolution between the FSO anode and Fe-Si alloy anode and the frequency range set between 100 kHz and 1 mHz. The high-frequency semicircle in EIS represents interface (SEI and charge transfer) impedance, while the low frequency line represents ion diffusion resistance. In Figure 4f , the Nyquist plots of the FSO anode and Fe-Si alloy anode show that the interface resistance of the FSO anode is a little higher than that of the Fe-Si alloy due to the formation of the SiO x shell. Despite the increase in interface resistance, the FSO anode still provides a very good rate performance, which may be attributed to self-conductive nanocrystal-FeSi usage as a robust mechanical skeleton to mechanically support the volume expansion change and the unique core-shell structure.
Moreover, the long-life performance of the FSO anode was investigated at a higher current density of 1 A g -1 for 1000 cycles after activation at a smaller current density of 50 mA g -1 for the initial two cycles. As shown in Figure 4g , after 1000 cycles, the capacity retention of the FSO anode is 86% from 3rd to 1000th cycle, with an average loss over 1000 total cycles of only 0.014% per cycle, indicating excellent cycling stability. The cycling performances of FSO anode at current densities of 50 and 200 mA g -1 could retain relatively stability that they could provide capacity of 967 mAh g -1 after 50 cycles and 727 mAh g -1 after 600 cycles, respectively. To the best of our knowledge, it is one of the best performances among the Si/SiO x -based anodes as reported (Table   S3) . Therefore, the long cycling stability of the FSO anode confirms that the robustness of the core-shell structure particles prepared by the facile, low-cost, and scalable synthesis method can provide the possibility to commercialize Si/SiO x -based Li-ion batteries. The morphological evolution of the FSO electrode after 1000 cycles is verified by SEM and TEM characterization as shown in Figure S9 . Except for a litter crush, the FSO electrode still remained the whole structure after 1000 cycles. This demonstrates that the FSO electrode keeps its structural integrity after long-term charge and discharge processes, guaranteeing the stability of the cycling performance of the FSO anode. Meanwhile, the XRD pattern of the FSO electrode over 1000 cycles has been provided in Figure S10 . The phase of FeSi can still be seen in the XRD pattern after 1000 cycles, indicating that the FeSi phase does not involed in the lithium reaction and just acts as conductive agent and buffer layer [47] .
The full cell with prelithiated FSO as the anode and commercial LiCoO 2 (LCO) as the cathode performance in the voltage range of 2.5 and 4.2 V is shown in Figure 5 (The half-cell data of LCO is in Supporting Information, Figure S11 ). The full cell capacity was based on the weight of LiCoO 2 in cathode. 
Conclusion
In summary, the sub-micrometer core-shell structure FSO anode materials are successfully prepared by a simple method using the commercial Fe-Si alloy as the Si/SiO x source. The SiO x shell was obtained by the oxidation of the silicon on the surface of the Fe-Si alloy particle, with the formation of nanocrystal-FeSi by in-situ reaction of the FeSi 2 during the phase transformation.
Benefiting from the unique core-shell structure and self-conductive nanocrystal-FeSi as a robust mechanical skeleton, the FSO anode provides excellent cycling stability with 99.4% capacity retention over 500 cycles at 500 mA g -1 , 86% capacity retention over 1000 cycles at 1 A g -1 , which is one of the best performances among micrometer/sub-micrometer Si/SiO x -based anodes reported. The excellent rate performance of the FSO anode was also demonstrated without further carbon modification, providing a discharge capacity of 333.6 mAh g -1 at a very high current density of 5 A g -1 . Moreover, the full cell with prelithiated FSO as the anode and commercial LiCoO 2 as the cathode 
